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Abstract

This report details the results of measurements of fatigue crack growth of welds in X52 and X70
pipeline steels, predominantly at a hydrogen gas pressure of 5.5 MPa. Data acquired at 34 MPa
are included for comparison where available.

The goal of the study was to address the primary concern voiced by the ASME B31.12
committee on Hydrogen Piping and Pipelines. Specifically, the heat-affected zones (HAZ) and
the welds may behave differently in a hydrogen-gas environment from the base metals. In order
to compose a code that ensures the safety of the general public, measurement of fatigue
properties of these regions must be performed. Since the weld material is either different from
the base metal in composition or microstructure (or both), the committee decided that welds
need to be evaluated for fatigue crack growth rate. Furthermore, since the weld metal has
more varied microstructure and has higher residual stresses compared to the base metal,
hydrogen may preferentially migrate to this region. This work is intended to contribute to
possible modifications to the code that provide a basis for pipeline design based upon fatigue,
the most likely failure mode of a pipeline.

A research plan was developed that included tests to assess the integrity of both seam (where
relevant) and girth welds in pipelines, specifically in X52 and X70 steels. This work included
measurements of fatigue crack growth rate in X52 and X70 welds at a load ratio of 0.5, loading
frequency of 1 Hz, and hydrogen gas pressure of 5.5 MPa. Four girth welds and two seam welds
were tested.

Welds and HAZs from four pipes showed hydrogen-assisted fatigue crack growth of the same
order of magnitude as the base metal at hydrogen gas pressures of 5.5 MPa and 34 MPa. In
general, the girth welds exhibited a lower FCGR than the base metal. Seam welds and the heat-
affected zone from the girth weld of the vintage X52 pipe tended to have higher FCGRs than the
base metal. The presence of untempered martensite in the HAZ associated with the vintage X52
girth weld is the likely source for the higher FCGR. Some anomalous behavior was seen in
fatigue, mostly with girth welds and their associated HAZs. For a complete enough
understanding of fatigue crack growth behavior to model and include in a code modification,
more testing and modeling of these welds and HAZs is needed.

Keywords: ASME B31.12, Hydrogen-assisted cracking, hydrogen embrittlement, fatigue, fatigue
crack growth rate, microstructure, pipeline steel.
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Executive Summary

Four sections of steel pipeline were acquired for fatigue testing in pressurized hydrogen gas.
Two sections were grade API X70 (both were from the mid 2000s) and two were grade API X52
(one was ca. 1964, and one was ca. 2011). The vintage X52 pipe from 1964 and one of the X70
pipes had seen natural gas service. The modern X52 from 2011 was produced for hydrogen
transportation, but the pipe section tested had never seen service. In order to assess what area of
the pipeline was most susceptible to fatigue in pressurized hydrogen, all four girth welds and two
seam welds were tested. One of the pipe sections of X70 was very short, comprising too little
material to test the seam weld. The modern X52 pipe section had a seam weld fabricated by
high-frequency electrical resistance. That weld was not tested because of the difficulty in finding
the weld center and placing a machined crack with sufficient precision.

There were no consistent trends seen, and there were no cases where the FCGR of a weld or
HAZ was so much higher than that of the previously tested base metal that would raise concerns.
However, in general, the girth welds exhibited a lower FCGR than the base metal. Seam welds
and the heat-affected zone from the girth weld of the vintage X52 pipe tended to have higher
FCGRs than the base metal. The presence of untempered martensite in the HAZ associated with
the vintage X52 girth weld is the likely source for the higher FCGR. These effects are discussed
along with the contributions of residual stresses.

The fatigue crack growth data, chemical compositions, and tensile test data will be added to the
ASME B31.12 code as a non-mandatory appendix. If additional testing at more conditions can be
performed in the future on these welds, the appendix can be changed to a mandatory appendix.



Introduction

Ferritic steels are known to exhibit a loss of tensile ductility in the presence of hydrogen.
However, when evaluating ferritic steels for transporting hydrogen gas, the response of the
material to cyclic loading is far more important for the determination of fitness-for-service and
design for safety. This is because all of the loss in ductility is encountered after the ultimate
tensile strength is achieved, and pipelines operate at a safety margin well below the yield
strength. With cyclic loading, however, a crack can initiate and grow at stresses a fraction of that
of yield. Furthermore, pipelines experience periodic pressurization for storage and
depressurization, at stresses well below the yield stress, as the gas is consumed. We believe that
these pipelines will experience two to three pressurization cycles per day, similar to most fuel
pipelines, which provide the conditions needed for fatigue crack growth (FCG).

A comprehensive testing program was previously conducted at NIST over the course of three
years on the base metal from four pipelines [1]. Two API-5L X52 steels and two API-5L X70
steels were tested in air and in hydrogen gas pressurized to 5.5 MPa and 34 MPa, and at three
cyclic loading rates, 1 Hz, 0.1 Hz, and 0.01 Hz (R=0.5). The results of the test program
demonstrated that, unlike monotonic loading, there is no correlation between the material
strength and the fatigue crack growth rate (FCGR) in hydrogen gas. The effect of gas pressure is
substantial, the effect of cyclic loading rate in these three decades is minor, and it appears that
microstructure may play a large role in the FCGR. Armed with this information, a model was
developed at NIST to characterize the effects of pressure and loading rate on steels
encompassing these grades [2]. This model has been accepted for incorporation into the ASME
B31.12 code for Hydrogen Piping and Pipelines [3], and is intended to expand the choice of steel
grades used in the design of future hydrogen pipelines.

Unless damage is inflicted from a third party, the most likely source of a flaw that can initiate
into a crack is in the weld. This is because welds have large residual stresses, usually have larger
surface roughness than the base metal, and sometimes have defects such as porosity, regions of
low cohesive strength (lack-of-fusion), and inclusions. For this reason, the fatigue properties of
the welds, as well as those of the base metal, must be characterized. There is relatively little
known about the FCGR of pipeline weld materials and their associated heat-affected zones
(HAZs) in the presence of hydrogen [4-8], and even less is known about them in pressurized
hydrogen gas [4, 6]. All studies indicate that the FCGR of the weld material and/or HAZ is at
least an order of magnitude higher in the presence of hydrogen than in air at values of the stress
intensity range (AK) greater than 15 MPa-m*.

Differences among base metal, weld metal, and HAZ tested in the presence of hydrogen are
more subtle. Wang et al.[8] showed a lower FCGR for the X70 base metal than the HAZ from a
submerged arc weld of two plates for the same conditions, where the specimens were subjected
to saturated H>S in solution. Thodla et al. [7] found that the girth weld exhibited more fatigue
resistance than either the base metal or the HAZ acquired from X65 welded pipe when tested in
an HzS-saturated solution. Somerday [9] showed that at low values of AK (< 12 MPa-m*), the
HAZ for the X65 material had the lowest FCGR; whereas at higher values of AK, the FCGR for
the base metal, weld, and HAZ were within the uncertainty of the measurement when testing at a
hydrogen gas pressure of 21 MPa. The data of Moro et al. [4] fail to show any obvious
differences among the base metal, girth weld metal, and HAZ of an X80 pipe tested in hydrogen
gas pressurized to 10 MPa.



This confusion demonstrates the need for more data and a systematic approach to the problem.
Are the observed differences the result of the different strengths of the materials tested (grades),
their microstructures, the test conditions, the welding technique used, or some other variable?

In an effort to elucidate the issue of the comparative FCGR of base metal, weld metal, and HAZ,
the National Institute of Standards and Technology (NIST) has conducted cyclic loading tests on
different steels, weld techniques, and at two hydrogen gas pressures. A subsidiary goal of the test
program was to obtain data at values of AK, when possible, between 8 MPa-m* and 15 MPa-m*,
as hydrogen pipelines are expected to operate in this regime.



Materials

Four different pipe sections were used to investigate the FCGRs of base metal, weld metal, and
the HAZ associated with the weld. Two of the pipe sections were API 5L X52, one from 1964
(referred subsequently as “X52 Vintage”) and the other from 2011 (referred subsequently as
“X52 Modern”). We define “modern” as pipeline steel that was manufactured in the 1990s or
more recently. These steels are “clean” from the standpoint of low sulfur and phosphorous
contents. Additionally, these modern steels generally contain small additions of micro-alloying
elements such as niobium, vanadium, titanium and molybdenum. These elements form fine
precipitates that anchor grain boundaries during thermo-mechanically controlled processing
(TMCP), where grain refinement gives pipeline steels the combination of strength and toughness
required for transport of fuels at high pressures[10-12]. We define “vintage” steels as those
manufactured prior to the 1990s, which contain no micro-alloying elements (by intent) and have
much higher carbon contents. The higher carbon content provides the primary strengthening
mechanism through the formation of pearlite, but makes welding much more difficult than for
modern, low-carbon pipeline steels. The other two pipe sections were AP 5L X70 (referred to
subsequently as “X70A,” and “X70B”), both of which were manufactured about 2005. Table 1
provides the dimensions of each of the four pipe sections. The seam and girth welds, and their
associated HAZs, were tested from the X52 Vintage pipe and the X70A pipe. Only the girth
welds and their associated HAZs were tested from the X52 Modern pipe and the X70B pipe.
This information is shown in Table 2, along with the techniques used to construct the weld
(SMAW-= shielded metal arc welding, GMAW = gas metal arc welding, and SAW = submerged
arc welding). Other welding information is unknown for these pipes. Both seam welds are two-
pass welds. The girth weld of the X52 modern steel appears to be an eight-pass weld, which
includes the root and cap passes. The X52 vintage girth weld appears to be seven-pass weld,
which includes the root and cap passes. The X70A girth weld appears to be a nine-pass weld,
which includes the cap and root passes. The X70B girth weld appears to be a fifteen-pass weld,
which includes the root and cap passes. Figure 1 shows composite images of the girth welds and
their corresponding microhardness maps; Figure 2 shows the same for the two seam welds.

Table 1. Pipe dimensions.

Pipe Wwall
diameter, thickness,
Material mm (in) mm
X52 vintage 914 (36) 10.6
X52 modern 508 (20) 10.6
X70A 914 (36) 18
X70B 914 (36) 22

Table 2. Materials tested for this investigation.

Pipe Base Metal |Girth Weld|Girth Weld HAZ |Seam Weld [Seam Weld HAZ
X52 Vintage X X (SMAW) X X (SAW) X

X52 Modern X X (GMAW) X

X70A X X (GMAW) X X (SAW) X

X70B X X (GMAW) X
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Figure 1. Microhardness maps and images of the four girth welds tested for FCGR. From left
to right: Modern X52; Vintage X52; X70A; and X70B. Not shown to scale. For relative scale,
recall that the X52 modern pipe is 10.6 mm thick, X52 vintage is 10.6 mm thick, X70A is 18
mm thick, and X70B is 22 mm thick. The scales are all in Vickers hardness, with the use of 0.5
kgf, which is equivalent to 4.9 newtons.

X52 VinSW X70A SW

Figure 2. Microhardness maps and images of the two seam welds tested for FCGR. From left
to right: Vintage X52, and X70A. Not to scale. For relative scale, the X52 vintage pipe is 10.6
mm thick, and the X70A image is 18 mm high.

The chemical composition of the base metals, determined by a commercial laboratory, can be
found in Table 3, and that of the girth welds are found in Table 4. The main differences between
the base metal and the corresponding weld filler material are: for the X52 vintage material there
is less C and more Mo in the weld metal; there is more S, Ni, Cr, and Mo in the weld of the
Modern X52 than in the base metal; there is more C and Si, and less Ni, Cr, and Ti in the weld
metal of X70A than in the base metal; and there is more C, Ni, and Mo, and less Cu, Cr, and Nb
in the weld metal of the X70B than in the base metal. The high C content in the base metal from
the Vintage X52 pipe is indicative of when it was fabricated, as modern metallurgy lowers the C
content in order to improve weldability. Interestingly, apart from the Cr content, the



compositions of the Modern X52 and X70A base metals are quite similar, although the weld
metals are not.

Table 3. Bulk chemical compositions of the base metals in mass %.

Element C Mn P S Si Cu
X52 Vintage 0.238 0.96 0.011 0.021 0.064 0.085
X52 Modern 0.071 1.06 0.012 0.004 0.24 0.016
X70A 0.048 1.43 0.009 0.001 0.17 0.220
X70B 0.053 1.53 0.01 0.001 0.16 0.250

Element Ni Cr Mo \' Nb Ti Al
X52 Vintage 0.05 0.014 0.004 0.002 0.001 0.002 0.002
X52 Modern 0.016 0.033 0.003 0.004 0.026 0.038 0.017
X70A 0.14 0.240 0.005 0.004 0.054 0.027 0.015
X70B 0.14 0.230 0.003 0.004 0.054 0.024 0.012

Table 4. Bulk chemical compositions of the girth welds in mass %.

Element C Mn P S Si Cu
X52 Vintage GW 0.110 0.350 0.009 0.025 0.100 0.024
X52 Modern GW 0.130 0.780 0.010 0.130 0.150 0.026

X70A GW 0.087 1.360 0.010 0.009 0.730 0.200
X70B GW 0.190 0.860 0.010 0.014 0.120 0.047
Element Ni Cr Mo \' Nb Ti Al

X52 Vintage GW 0.046 0.018 0.430 0.006 0.001 0.005 0.010
X52 Modern GW 0.610 0.110 0.093 0.003| <0.001 0.009 0.006
X70A GW 0.059 0.043 0.002 0.003 0.010 0.002 0.012
X70B GW 0.760 0.088 0.130 0.004| <0.001 0.011 0.006

The differences in the weld chemistries were probably because the weld was designed to slightly
overmatch (by strength) the grade of the base metal. However, that is not quite what occurred.
Table 5 shows the tensile properties acquired in air for the base metal (BM), weld metal (GW for
girth weld and SW for seam weld), and the HAZ associated with that weld (GH or SH,
respectively). Tensile tests were conducted according to ASTM E-8 [13]. These pipes fall under
the API 5L psl2 specification, where the yield strength, measured as a 0.5% offset, whereas the
ASTM E-8 uses the 0.2 % offset, falls between 359 MPa and 531 MPa for X52, and 483 MPa
and 621 MPa for X70 [14]. Table 6 shows tensile data that corresponds to the 0.5% offset from
the start of the test. These yield strengths are all close, within 6 %, to those measured by way of
the 0.2% offset used by ASTM. As can be seen, the Modern X52 qualifies for an X70 grade, so
the strength of the GW is actually slightly undermatched to the BM. The GW from the X70B
pipe was also slightly undermatched, but both the GW and SW from the vintage X52 pipe



exhibited a much higher yield strength than that of the base metal, which actually was not
sufficient to qualify for the X52 grade.

Table 5. Tensile properties of the base metal (BM), girth weld (GW), seam weld (SW), Girth
weld HAZ (GH), and seam weld HAZ (SH) acquired in air at room temperature.

X52Vin [X52Vin |X52Vin |X52Vin [X52Vin |X52Mod [X52 Mod (X52 Mod
BMAvg |GWAvg [(GHAvg [SWAvg ([SHAvg |BMAvg [GWAvg |GHAvg

0.2% offset YS, MPa 325 428 372 425 462 488 463 463
YP, MPa 443 371 425 455 489 469
UTS, MPa 526 520 531 549 551 588 567 526

0.120 0.134 0.129 0.105 0.080 0.095 0.117 0.074
0.150 0.312 0.247 0.229 0.196 0.209 0.261 0.203

223 193 207 199 209 215 210 198
X70A BM [X70A GW X70A SW |X70A SH |X70B BM |X70B GW [X70B GH
Avg Avg X70A GH1|Avg Avg Avg AVG Avg
0.2% offset YS, MPa 509 563 516 507 496 553 532 521
YP, MPa 575 527 516 493 570 512
UTS, MPa 609 627 603 594 603 640 616 596
eu 0.120 0.088 0.068 0.114 0.056| 0.090 0.095 0.057
ef 0.297 0.263 0.233 0.294 0.205 0.274 0.260 0.187
E, GPa 221 204 194 194 212 211 208 207

In general, the HAZ materials exhibited less uniform elongation and elongation to failure than
either the BM or the weld metal (WM), except for the GH from the vintage X52 pipe. Note that
there was only one successful test of the X70A GH. Reported values for the base metals are the
mean of three tests. Most of the welds and HAZs had only 2 tensile tests. Therefore, standard
deviations are not given.



Table 6. Tensile properties comparing the 0.2 % offset yield strength to the 0.5 % offset from
the start yield strength of the base metal (BM), girth weld (GW), seam weld (SW), Girth weld
HAZ (GH), and seam weld HAZ (SH) acquired in air at room temperature.

0.2% offset YS, UTsS,
Mpa MPa ef 0.5% YS, Mpa

X70A base metal 509 609 0.297 519
X70A Girth Weld 563 627 0.263 563
X70A GW HAZ 516 603 0.233 519
X70A Seam Weld 507 594 0.294 508
X70A SW HAZ 496 603 0.205 504
X70B base metal 553 640 0.274 549
X70B Girth Weld 532 616 0.260 532
X70B GW HAZ 521 596 0.187 521
X52 vintage base

metal 325 526 0.150 342
X52 vintage Girth

Weld 428 520 0.312 428
X52 vintage GW HAZ 372 531 0.247 385
X52 vintage Seam

Weld 425 549 0.229 427
X52 vintage SW HAZ 462 551 0.196 468
X52 modern base

metal 488 588 0.209 492
X52 modern Girth

Weld 463 567 0.261 464
X52 modern GW HAZ 463 526 0.203 466

In addition to having similar chemistries, the microstructures of the BMs from the Modern X52
and the X70A are very similar, as can be seen in Figure 3, which shows the through-thickness
microstructure of all four BMs. The X52 Vintage has a ferrite-pearlite composition and the
others were determined to be polygonal ferrite and strain-induced constituents such as acicular
ferrite and bainite, from optical microscopy. There may be other constituents that are not
resolvable without employing more advanced analytical techniques. Microstructure images of
the welds and their HAZs are shown in Figure 4.



Figure 3. Microstructure images of the four base metals: Vintage X52; Modern X52; X70A; and
X70B, from left to right.

a) X52 Vintage GW b) X52 Vintage GH




g) X70A GW h) X70A GH

i) X70A SW j) X70A SH
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k) X70B GW ) X70B GH

Figure 4. Microstructure images of the welds (left) and their HAZs (right). The scale bars are
50 um long.

Experiment

Compact-tension (CT) specimens with W=44.5 mm, where W is the specimen width, were
machined in the C-L orientation for the BM, SW, and SH, and in the L-C orientation for the GW
and GH specimens (Figure 5). To test the HAZ from the vintage X52, modern X52, and X70A
pipe sections, the machined notched was aligned such that the midpoint of the through-thickness
was at the center of the HAZ (Figure 6). The X70B material was sufficiently thick that a
specimen could be machine at an angle in the through-thickness to obtain an all-HAZ notch in
the specimen. Each specimen was machined with a chevron notch to facilitate initiation of the
precrack and a straight crack front. The precracking was conducted at an R=0.1 in air at room
temperature and at a cyclic-loading frequency of 15 Hz. A sinusoidal waveform was used. Most
of the GW specimens were preloaded in compression at the crack tip to 80% of yield prior to
precracking to improve crack initiation.

Figure 5. Schematic of the location and orientation of the weld and HAZ specimens with
respect to the pipe.
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Figure 6. Machined specimen (left) and drawing of specimen (right) that show how the
machined notch was aligned to test the HAZ.

Specimens were tested at an R=0.5 and a cyclic-loading frequency of 1 Hz in air or hydrogen gas
that was pressurized to either 5.5 MPa or 34 MPa. Either a triangular or sinusoidal waveform
was used with no discernable difference. Two test chambers, shown in Figure 7, were available
for conducting cyclic-loading tests; one allowed for testing single specimens and the second
allowed up to 10 specimens to be tested simultaneously. Figure 8A is a schematic of the chain of
10 specimens, and Figure 8B is a photograph of actual specimens as assembled on a table; Figure
8C shows the chain of specimens vertically mounted into the load frame with the CMOD gages
in place. Details of the design of the multiple-specimen test apparatus can be found in the
literature [11]. Internal load cells were employed to ensure that the forces exerted on the
specimen(s) were those that were specified and were not influenced by the stiction of the seals on
the chamber. Where material permitted, duplicate tests were conducted at the same condition to
provide a sense of the repeatability of the data. The purging procedure and a description of the
pressure-maintenance protocol can be found in [1]. Samples of each lot of the test gas were
acquired and analyzed prior to use to ensure that contaminants such as oxygen and water were
below 1 ppm.
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Figure 7. Test chambers for (a) single-specimen and (b) multiple-specimen tests.
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Figure 8. Conceptual drawing (A) showing the elements of the linked chain of specimens, (B)
photograph showing the assembled chain with PTFE spacers, and (C) a photograph showing
the assembled chain, complete with CMOD gages and aluminum spacers ready for installation
in the pressure chamber.
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FCGR tests were conducted according to ASTM E647 [15], and typically ran uninterrupted for
weeks. Each specimen was cyclically loaded at a constant force range (rising AK) until a crack
length (a) = 0.75 W was reached. A clip gage was attached at the load line and the crack length
was calculated from compliance. Data on cycle, crack mouth opening displacement (CMOD),
external force, and internal force were collected every 200 cycles for five cycles, and were used
to calculate AK and a to generate graphs of FCGR (da/dN as a function of AK). Recall that a
subsidiary goal of the test program was to obtain data at values of AK, when possible, between 8
MPa-m* and 15 MPa-m*, as hydrogen pipelines are expected to operate in this regime, because
the crack growth rate at higher values of AK is so high as to be impractical for hydrogen service.

Results

Tests were conducted to compare the FCGR of base metal, weld metal, and the HAZ associated
with those weld metals from four pipelines. The results of tests conducted at hydrogen gas
pressurized to 5.5 MPa for each material are shown in Figure 9. The asterisk in the legend
indicates a dataset that the did not meet all the validity criteria in the ASTM E647 test standard.
For example, the force range did not meet the requirement of less than 2 % drift during the
course of the test. Those data were included, as those tests behaved normally in other respects,
and they were analyzed with the actual, not the nominal, load range. The drift was less than 4 %
over a test duration of up to 10 weeks. In another case there was pinning in the precrack that
affected the crack length measured from compliance, so that the effective modulus was outside
the bounds of what was allowed in the standard. For those datasets, a modulus of 210 GPa was
used. The BM data are shown as a single line that was visually fit to datasets from multiple tests.
If shown individually, the BM data would mask the trends observed for the welds and HAZs.

Figure 9A shows the data for the FCGR tests on the vintage X52 material tested in hydrogen gas
pressurized to 5.5 MPa. As with the data acquired at a hydrogen gas pressure of 34 MPa, the
FCGR data from the HAZ for both the seam weld and the girth weld are higher than those of the
BM. Once again, the base metal is a visual fit of datasets from multiple tests. The data from the
girth weld is lower than BM at values of AK below 15 MPa-m* and the same as the BM data
above that value of AK. The FCGR for the weld and HAZ from modern X52 pipe (Figure 9B)
fall below the BM data, although the behavior of the HAZ is unusual and needs more
investigation. Both of the X70 girth welds and HAZ exhibit a reduced FCGR as compared with
the BM; whereas, the X70A seam welds and HAZ are above the BM data (Figures 9C and 9D).

It can be observed that the relationship of the FCGR of the welds and HAZs to that of the base
metal is not consistent from steel to steel (Figure 10). Air data (for the corresponding base metal)
is shown for comparison, and is from a visual fit of multiple datasets. Similarly, the lines shown
for base metals are visual fits of multiple datasets. Both the seam- and girth-weld HAZs from the
vintage X52 pipe exhibited a higher FCGR than the BM, whereas the girth-weld material
appeared to be more fatigue resistant than the BM at lower values of AK. However, the girth-
weld HAZ from the modern X52 pipe exhibits a lower FCGR than the BM, and the girth weld
appears to behave similarly to the BM. For the X70A material, the seam weld and its HAZ have
a FCGR that is comparable to the BM; the girth-weld HAZ, however, behaves very differently.
And finally, the FCGR of the girth weld and its HAZ for the X70B pipe were both similar to that

14



of the BM, although there was some divergence between the two girth-weld specimens. These
two specimens originally were a single thick specimen that was cut in half, through the
thickness, so that one characterized the inner diameter (ID) of the pipe and the other the outer

diameter of the pipe (OD).
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Figure 9. Data for the FCGR from tests conducted in hydrogen gas pressurized to 5.5 MPa and
at a cyclic loading frequency of 1 Hz for each pipe material: (A) vintage X52, (B) modern X52,

(C) X70A, and (D) X70B.
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Figure 10. FCGR data from the base metal, girth weld, and HAZs associated with the seam and
girth welds from the vintage X52 steel (A), the modern X52 steel (B), X70A steel (C), and X70B
steel (D) tested at a hydrogen gas pressure of 34 MPa and at 1 Hz. The asterisk denotes that
the measurement did not strictly adhere to ASTM E647 [12].

Several of the GW and GH specimens exhibited an unusual region at very low values of AK
where the value of AK increased without an increase in the value of da/dN. The crack length with
respect to number of cycles (a vs N) from these tests show a very long linear increase, such as
that shown in Figure 11, followed by a rapid increase in the FCGR over a short span of AK.
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Figure 11. Crack length vs. cycles for a specimen that has a flat FCGR at the start of the test
X70B ID (left) and typical FCGR from the X70B OD (right). These specimens were run in the
same chain under identical conditions.

Discussion

Welds and their HAZs from ferritic pipelines experience hydrogen-assisted cracking, similar to
that of the ferritic base metal. The FCGRs for all three locations in the pipe are at least an order
of magnitude greater in hydrogen than those tested in air. Figure 12 shows some preliminary data
from the SW and SH of the X70A pipe and the GW from the X70B pipe tested in air. Because
there is little or no corrosion component to FCGR in air, there is little or no difference expected
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in FCGR between welds, HAZs, and BM. If there are large enough residual stresses left in the
weld or HAZ samples following machining into C(T) specimens, that could result in different
FCGR behavior. The fits to the BM data tested in air and in hydrogen gas pressurized to 34 MPa
are shown for comparison. Recall that the weld and HAZ tests in pressurized hydrogen were very
similar to those of the BM, so this figure offers a good representation of the effect of hydrogen
on the FCGR. Similar behaviors are observed whether testing is conducted at a hydrogen gas
pressure of 34 MPa or 5.5 MPa.

Whether the HAZ exhibits greater FCGRs than the BM or weld appears to be inconsistent. Since
the vintage and modern X52 displayed opposite behaviors, the disparity is likely attributable to
one of the three main differences between the two materials: 1. the microstructure; 2. the welding
technique employed; or 3. the fact that one had a significantly overmatched weld, and the other
had an undermatched weld. These three items are somewhat interrelated, as the ferrite-pearlite
microstructure of the vintage X52 material provided readily available C to form martensite upon
heating. The combination of available C and high heat allows for formation of martensite in the
HAZs of the X52 Vintage steel. Slifka et al. [16] have shown that untempered martensite was
present in the HAZ of the girth weld from the vintage pipe, but not in the modern pipe. San
Marchi et al. [17] found that martensite was more susceptible to hydrogen embrittlement than
ferrite, the dominant constituent in the girth-weld HAZ from the modern X52 pipe, according to
Slifka et al. [16].
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Figure 12. Preliminary FCGR data in air for the seam weld and its HAZ from the X70A pipe, and
the girth weld from the X70B pipe. Data fits for the BM tested in air and at a hydrogen
pressure of 34 MPa are shown for comparison.

When testing welds, residual stresses are often targeted as being responsible for anomalous
behavior. However, it would be expected that when specimens this size are cut out of the pipe,
residual stresses would be relieved in large part. Obvious signs of residual stresses were not
observed for these tests. For example, among all those tested, nine specimens out of 22 had an
uneven precrack front; all but one was associated with the girth weld. Of those, three had the
shorter crack front at the ID, three had the shorter crack front at the OD, and the remainder had
locations within the weld that were shorter than the rest of the crack. This inconsistency points to
something other than through-thickness residual stress effects in these girth welds. Connolly et
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al. [18] found that, in general, the residual stresses in these specimens of girth welds were small
(<50 MPa) at a location 7 to 8 mm ahead of the precrack tip.

Another anomaly is that the ID of the X70B girth weld yielded a slightly higher FCGR than the
OD, even though the greater hardness of the OD (Figure 1) might have indicated the opposite. As
stated earlier, these two specimens (each about 10 mm thick), were originally a single specimen
that was precracked as a single specimen and then sliced through the thickness. Residual stress
measurements were not conducted in the through-thickness direction of the girth welds, as the
welding of two unstressed bodies was not expected to be of significance through the thickness.
The precrack from the ID part was about 16 % shorter than that of the OD part, which accounts
for the lower starting AK. There were no discernable differences on the fracture surfaces of the
two parts to explain the inconsistency. However, the OD section had a 4-mm difference between
the crack front at one edge from the other (see Figure 13); perhaps the lagging edge impeded
crack growth sufficiently to account for the difference.

Figure 13. The fracture surface of the OD of the girth weld specimen from the X70B pipe,
showing the uneven precrack front.

The flat crack growth per cycle at the start of some of the girth weld tests is the final anomaly
that merits discussion. It should be noted that this phenomenon occurs only in tests of the girth
weld and the girth-weld HAZ. Furthermore, it was not observed in the tests from the vintage
pipe. It can only be speculated that the overmatched weld provided a constraint that prevented
this from occurring. Other theories have been disproved:

1. This phenomenon occurs in specimens with and without an uneven precrack.

2. It occurs in both GW and GH specimens, so it is not attributable to a tougher weld material at
the edge of an HAZ specimen, which could inhibit crack growth.

3. Crack closure is unlikely with an R= 0.5, as the specimen experiences a substantial tensile
force at all times.

4. Some specimens experienced uneven crack growth during the test, which was recognized by a
boomerang shaped curve of Force vs. CMOD (one edge of the CMOD gage was opening more
than the other). This behavior did not correlate to those specimens with the stagnant rate of crack
growth per cycle.

5. No obvious differences in the fracture surface were observed in the stagnant region and the
rapid regions of crack growth (See Figure 14). EI-Soudani and Pelloux [19] reported on a similar
flat crack-growth rate in an HAZ specimen associated with a butt weld of two aluminum plates.
In their case, they were able to attribute the behavior to substantial out-of-plane deviations in the
fracture surface, which they attribute to residual shear stresses at the mid thickness.

However, there is one clue from the neutron beam experiments, which were conducted to
measure the residual stresses in the CT weld specimens [18]. Immediately ahead of the precrack
tip, it was found that there was a compressive residual stress perpendicular and parallel to the
direction of crack growth in the X70A girth weld; there was no such compressive stress in the
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vintage X52 girth weld (Figure 15). The modern X52 and X70B girth welds did not show similar
compressive forces, but some specimen-to-specimen variation would be expected, because of the
precrack length and weld anisotropies. The magnitudes of the maximum values of residual stress
might appear large in these cases. However, residual stress values below 250 MPa result in less
than 4 % change in lifetime due to fatigue loading, details of which can be found in [15]. The
calculation stems from an analysis of how residual stress affects the effective load ratio, Ref,
where the ayy term modifies the effective load ratio. The effective load ratio as a function of
residual stress from the ayy term is shown in Figure 16. The ox and oz, terms do not affect the
FCGR for this case of loading in the yy direction.

Certainly, this behavior merits further investigation. It would be of interest if it can be
deliberately induced by creating a constraint or toughness disparity between the weld metal and
base metal

Figure 14. Fracture surfaces from
rapid crack growth (right). Scale bar indicates 5 pm.
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Related Work

Other work being performed that involves hydrogen effects on pipeline steels is being done
under an agreement with the Department of Energy, Fuel Cells and Technologies Office. This
work is being done in collaboration with Sandia National Laboratories, Livermore, CA, Oak Ridge
National Laboratories, Oak Ridge, TN, and Colorado School of Mines, Golden, CO. The focus of
the research is higher-strength pipeline steels and welds for future hydrogen applications.
Higher strength steels can potentially provide cost benefits to pipeline operators and gas
producers. An economic analysis of pipeline steels for application in hydrogen service can be
found in the literature [20]. This research area includes mechanical measurements (Sandia
National Laboratories), weld optimization, (Oak Ridge National Laboratories) and modeling
(Colorado School of Mines) of X100 steels and welds.

Sandia National Laboratories has been conducting research on welds and HAZs of pipeline
steels for the past few years [21, 22]. There has also been some work on X80 pipeline steel and
its associated weld and HAZ in France [4]. This research involves pipeline steels with
ferrite/pearlite microstructures, where the processing can yield a banded microstructure, which
aids in lowering the diffusion of hydrogen to a crack tip, resulting in increased resistance to
hydrogen-assisted fatigue crack growth.
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Summary and Conclusions

The welds and HAZs from the four pipe sections tested exhibited hydrogen-assisted fatigue
crack growth of the same order of magnitude as the base metal at both hydrogen gas pressures.
There were no consistent trends seen, and there were no cases where the FCGR of a weld or
HAZ was so much higher than that of the base metal, such as an increase in FCGR of more than
40%, which is approximately the uncertainty of the measurement method, that would raise
concerns. The small variations that were observed were most often attributable to the
microstructure through which the crack propagated. The constituents of the microstructure have
a strong influence on the susceptibility of the FCGR. For example, the HAZ from the vintage
X52 consistently exhibited a higher FCGR than the weld or base metal. The high carbon content
resulted in the formation of martensite at the fusion line in the HAZ, and it is well-documented
that untempered martensite can cause increases in hydrogen embrittlement [17, 23-25]. Care
must be taken when designing hydrogen pipelines that the microstructural changes in the HAZ
caused by welding can be controlled and are predictable. Further studies are needed to determine
the microconstituents, grain sizes and orientation through which the crack traveled in the other
materials to determine the role the microstructure played in those FCGRs.
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Recommendations

Additional testing at a larger range of test parameters is necessary to determine the origins of
some effects that are seen in the fatigue crack growth data. The regions of the FCGR curves that
are flat tend to yield lower values of FCGR than those of base metal. More research into
understanding the reason that this occurs would be helpful to industry, as this phenomenon could
potentially be used to advantage in weld design. Another potential effect is that of residual
stresses on welds and HAZs. Some recent measurements, in Connolly et al. [15] show that
residual stresses of C(T) specimens cut from pipe sections are relatively small, but variations
were seen from one pipe to another and understanding of the three-dimensional stress fields is
incomplete.

A non-mandatory appendix, which contains the chemistries, tensile test results, images of weld
microstructures and hardness maps, and results of fatigue crack growth tests to date, will be
included in the ASME B31.12 code. In order to elevate the appendix to a mandatory status,
additional FCGR tests on welds and HAZs at 34 MPa hydrogen gas pressure, and selected tests
in air and at 21 MPa hydrogen gas pressure, in order to calibrate the model, will be needed. A
simplified model for welds and HAZs, which uses multiple Paris Law coefficients, would be
added at that time.
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